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Abstract
High-reflectance gratings promise new generations of vertical-cavity lasers that al-
low flexible control of the lasing mode properties and better integration. To date,
conventional and polariton vertical-cavity lasers have been created with high-contrast
gratings surrounded by air. Suspended in air, these gratings are delicate to fabricate
and use, and are difficult for precise property control, electrical injection or thermal
management. Here, we demonstrate a high quality vertical-cavity laser with a non-
suspended monolithic grating. High reflectance is achieved to allow the strong coupling
regime, verified by angle-resolved photoluminescence measurements. We demonstrate
polarized polariton lasing, manifested by a super-linear increase in the polariton emis-
sion and linewidth narrowing. We also demonstrate multi-wavelength operation of the
polariton laser, with the wavelength controlled by design.
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Vertical-cavity surface-emitting lasers (VCSELs) incorporating high-contrast subwave-
length gratings (HCGs) instead of distributed Bragg reflectors (DBRs) have been intensively
studied in the past decade,1,2 for they allow a more compact structure, high polarization
selectivity, and control over the reflection-phase3 and thus the cavity mode properties.4,5
Furthermore, HCGs define the lateral dimensions of the cavity, which help achieve single-
mode lasing for both photon lasing6 and polariton lasing2 and also enable straightforward
creation of coupled cavity systems.7 However, HCGs make use of high-index-contrast to
achieve high reflectance; they are often surrounded by air and require relatively complex
fabrication processes to remove the sacrificial layer under the HCG layer.1 Suspended, they
are susceptible to vibrational instability,8 inefficient in heat dissipation, and difficult for
electrical injection, although there are unique advantages such as electromechanical tuning
of cavity resonance.5 Recently, it was shown that monolithic HCGs (MHCGs) that are not
suspended in air may also allow high reflectance.9,10 Such MHCGs would allow the same
design flexibilities as HCGs while circumventing the main difficulties of HCGs. They can be
fabricated in a precisely controllable way, have no mechanical instability, and allow efficient
heat dissipation as well as electrical contacts directly on the grating.11 In this letter, we
report a MHCG-cavity polariton laser. High MHCG reflectance and thus high cavity quality
factor is achieved using a two-layer MHCG structure, enabling the strong coupling regime
and polariton lasing. Furthermore, we show the ability to control resonance energy of the
cavity, and thus lasing frequency, by grating parameters.
The working principle of MHCG can be explained by the two-mode canceling theory,
same as the conventional HCG.12 In the near sub-wavelength regime, the field in the grating
layer can be decomposed into two waveguide-array (WGA) modes, the 0th and 2nd order
modes for normal incidence, as odd modes are forbidden by symmetry and higher-order
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Figure 1: The MHCG cavity. (a) A schematic of the sample structure and the simulated
TM-polarized electric field intensity profile. The sample consists of from left to right: a
Al0.15Ga0.85As MHCG (blue), a Al0.85Ga0.15As spacer (grey), 1.5 pairs of top DBR made of
Al0.15Ga0.85As/Al0.85Ga0.15As (blue/grey), an AlAs cavity (white) with three stacks of GaAs
QWs (red), and a bottom DBR. Light incident on the MHCG from inside the cavity (black
arrow) will mostly be reflected (thick red arrow) with a small fraction diffracted to higher-
order modes (thin red arrows), while transmission is negligible (black dotted arrow). (b)
Simulated 0th order reflectance of MHCG, showing high asymmetry for light incident from
the two sides of the MHCG. MHCG is highly reflective for the TM-polarized light incidence
from the cavity side (blue) but shows low reflectance for light incident from air (red).
modes are cut off. We write Em(x), the lateral profile of the WGA mode as:
E(x, z) =
∑
m=0,2
Em(x)[ame−jβm(z−tg) + bme+jβm(z−tg)]. (1)
Here the exponential parts represent the forward and backward propagations in the z-
direction with coefficients of am and bm, respectively. βm is the propagation constant for
mth mode and tg is the thickness of grating. The two modes are mutually orthogonal in
the grating layer, but can couple at the grating boundaries, b = Ra, where R is a 2 × 2
reflection matrix. It has large off-diagonal elements due to the abrupt change of refractive
3
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Figure 2: Experimental realization of MHCG microcavities. (a), (b) Scanning electron mi-
croscope (SEM) images of the top and side views of a fabricated MHCG, respectively. (c),
(d) Momentum-space PL spectra of the TM-polarized and TE-polarized emission, respec-
tively. Color indicates intensity. In (c), the spectral intensities at shorter wavelength than
794.5nm in (c) is multiplied by 10 for better visibility of the UP dispersion. The red dashed
lines indicate the exciton resonance measured from (d) and the cavity dispersion calculated
based on the LP, UP and exciton energies. The white dahsed lines indicate the calculated
LP and UP dispersions. The white arrows in (c), (d) mark the exciton resonance which is
not strongly coupled to the cavity and therefore appear in both TE and TM (see main text
for details).
index profile at the grating-air boundary. The coupling of the two modes helps equalize
their amplitudes. The relative phase between the two modes can be controlled precisely by
tuning the thickness of grating. Hence destructive interference between the two modes can
be achieved at the output plane where the zeroth order diffraction mode is coupled out of
the grating (black dotted arrow in Fig. 1(a)), leading to zero transmission and therefore
100% reflection.
Compared to conventional HCGs, MHCGs have a higher index material on one side,
which may support non-evanescent higher-order diffraction modes (red arrows in Fig. 1(a)).
In most applications, especially vertical cavities, only the zeroth order reflection is desirable.
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Therefore, the grating needs to be carefully engineered to minimize the energy carried away
by the higher-order diffractions. We use the rigorous coupled wave analysis (RCWA) to
find the parameters to ensure high reflectance of the MHCGs for transverse-magnetic (TM)
polarization, with the electric field vector perpendicular to the grating grooves. The MHCG
remains low reflectance for light of transverse-electric (TE) polarization. The simulated
electric field intensity distribution in the cavity and the 0th order reflectance are shown in
Fig. 1(a) and (b).
A peculiar feature of the MHCG is the high asymmetry of the reflectivity. Because of the
existence of higher-order diffraction modes, the reflectance of the MHCG is high when the
light is incident from the cavity side but low when the light is incident from the free-space
side, as we illustrate in Fig. 1(b). This allows a high quality factor for the cavity with large
field enhancement while at the same time efficient optical pumping from the free-space side.
High-reflectance MHCGs have been realized experimentally in recent studies,10,13 al-
though the measured reflectance of the fabricated MHCG was lower than expected from the
simulation. This is mainly because making ideal grating structures requires vertical side wall
profiles, precise control of etching depth, and a flat etched surface. It is difficult to satisfy
these conditions when the MHCG layer is on a substrate of the same material.9,10 Achieving
strong coupling and efficient lasing requires a near-perfect MHCG with very high reflectance.
We realize this by using a two-layer MHCG structure created by selective dry etching.
The MHCG-microcavity structure used in this work is shown in Fig. 1(a). The MHCG
layer is made of 200 nm of Al0.15Ga0.85As on top of 600 nm of Al0.85Ga0.15As spacer, followed
by 1.5 pairs of top DBR, a λ/2 cavity with 12 quantum wells, and 36 pairs of bottom DBR.
The two-layer MHCG structure allows selective etching of the Al0.15Ga0.85As grating layer
which stops at the Al0.85Ga0.15As layer underneath. The etching gas consists of BCl3 and
SF6. A reaction between SF6 and AlGaAs forms AlFx, which prevents etching. Therefore
the etching rate is highly dependent on the composition of Aluminium.14 Since the first
layer also has 15% of Aluminium, the selective etching process results in slanted vertical wall
5
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profiles. Therefore we etch the first layer using the nonselective etching process without SF6
and etch the residual first layer using the selective etching process. With this process, we
create gratings with vertical side walls, precise etching depth determined by the thickness of
the first layer, and a flat etched surface, as shown in Fig. 2(b). The periods of the fabricated
gratings range from 328 nm to 344 nm and the duty cycles range from 0.6 to 0.7.
Optical characterization of the sample was performed at 10K. The objective lens with
a numerical aperture of 0.4 was used for both focusing the excitation laser on the sample
and collecting the photoluminescence (PL). The sample was nonresonantly excited by a
continuous wave laser at 790 nm. The laser was chopped by an electro-optic modulator with
1 % duty cycle at 10 kHz to reduce sample heating. The PL is sent to the grating-based
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Figure 3: Characteristics of polariton lasing. (a) The integrated output intensity (b)
linewidth and (c) blueshift of the lasing mode as a function of the pump intensity. The
linewidth measurement is limited by the resolution of the monochromator of 0.03 nm. The
inset in (a) is the momentum space PL spectrum at the threshold pump intensity. The solid
and dashed lines in (c) indicate the uncoupled cavity and exciton resonances, respectively.
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Figure 4: Tuning of the emission wavelength by the grating period. (a) The measured LP
and UP resonances (open diamonds and square, respectively) at low pump powers and the
corresponding cavity resonances as a function of the grating period. The cavity resonance
obtained from the measured LP, UP, and exciton resonances are marked by the open circles,
while the cavity resonance calculated by RCWA are marked by the red crosses. The solid
line is a linear fit to the experimental cavity resonance vs period, showing tuning of the
cavity resonance with the grating period at 1 nm/10.12 nm. (b) Emission spectrum at low
pump powers as the grating period of the MHCG is varied from 328 nm to 344 nm with 4
nm increment. The LP resonance shifts toward longer wavelengths as the period increases.
The exciton resonance remains the same in all the spectra. (c) The emission spectra of the
lasing state at high pump powers for the corresponding MHCGs as in (b).
monochromator for spectroscopy.
Strong coupling is evident from the angle-resolved PL at low pump powers that shows
dispersions of the lower polariton (LP) branch and upper polariton (UP) branch in TM
polarization, centered in k-space at k=0 at 799.7 nm and 794.3 nm, respectively (Fig. 2(c),
(d)). The TE-polarized PL shows emission from excitons at around 797.5 nm, which are not
strongly coupled to the cavity modes as the reflectance of MHCG is low for TE. The existence
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of two exciton lines could be caused by interlayer variations of QWs,15 as we confirmed by
measurements of exciton emission from the unprocessed, planar part of the same wafer. The
exciton mode around 796 nm shown in TM polarization is possibly from QWs that are not
overlapped with electric field maxima inside the cavity and therefore are not coupled to the
cavity. This is consistent with the simulated electric field distribution inside the cavity shown
in Fig. 1(a), where the field maxima is slightly off-centered from QWs. From the measured
LP, UP, and TE exciton energies at k = 0, we obtain the normal mode splitting of 10.2 meV
and exciton-photon detuning of 2.4 meV. Here, we use the exciton energy from the exciton
emission appearing only at TE polarization. The calculated cavity resonance and exciton
resonance from TE are indicated by red and white lines respectively in Fig. 2(c).
The power-dependent input-output relationship is shown in Fig. 3. We observe a non-
linear increase in the emission intensity at the threshold pump intensity of 2,000 W/cm2,
accompanied by the linewidth narrowing of the lasing mode at k = 0. The spectrum at
the threshold is shown in the inset of Fig. 3(a), where the polaritons mostly relaxed into
k = 0. The linewidth above the threshold approaches quickly to the resolution limit of
about 0.03 nm, as shown in Fig. 3(b). The lasing mode blueshifts smoothly as the pump
power increases (see Fig. 3(c)) due to the polariton-polariton interactions, while remaining
well below both the exciton and cavity energies. These results clearly show polariton lasing
characteristics of the microcavity. The threshold intensity is comparable to other polariton
devices.16 We observed similar lasing phenomena from MHCG devices with different cavity
resonances which confirms the robustness of high quality MHCGs of varying parameters.
Finally, we demonstrate the tuning of the cavity resonances and polariton laser energy
with respect to the grating period (Fig. 4). Unlike with DBRs, it is possible to engineer
the reflection phase of the HCG by tuning grating parameters. The reflection phase of
the mirror determines the phase matching condition for the cavity modes and therefore
directly influences the cavity resonance. Here, we tune the reflection phase by changing
the grating periods. As shown in Figure 4(a)-(b), the LP and UP resonances redshift as
8
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the grating period increases from 328 nm to 344 nm. Using the measured LP, UP and
TE exciton energies, we calculate the corresponding cavity resonance energy, which changes
approximately linearly with the period. A linear fit yields 1 nm of resonance shift per 10.12
nm of change in the grating period. This result is in excellent agreement with the RCWA
simulation indicated by the cross marks in Fig. 4(a). Here we fixed the duty cycle at 0.7 as
measured by SEM.
Polariton lasing is achieved in all the gratings across the tuning range. The lasing wave-
length for different periods are shown in Fig 4(c). We use the same pump intensities for
different devices to make sure that the lasing wavelengths are not affected by the blueshift
caused by the exciton reservoir. Above the threshold, the linewidths become narrower and
emission from the different MHCGs become well separated spectrally. This would be impor-
tant for applications such as on-chip multiwavelength laser arrays for wavelength division
multiplexing.17
It is important to note that the tuning can also be achieved by changing the duty cycle.
Therefore, a wide range of resonance tuning is possible by changing both the period and duty
cycle of the grating, both of which can be controlled to nanometer accuracy with e-beam
lithography. In this particular sample, it is possible to tune the cavity resonance from 784nm
to 808nm while maintaining a quality factor above 1,000 based on RCWA simulations.
In conclusion, we show polariton lasing from vertical-cavity structures incorporating
MHCGs. The PL measurement clearly shows a strong coupling regime and polariton lasing
characteristics. The cavity resonance is controlled by grating parameters which can be sys-
tematically and accurately controlled by e-beam lithograhpy. The simple fabrication process
of MHCGs is important for realizing a practical VCSEL based on HCGs with a possibility
of making electrical contacts directly on HCGs due to its monolithic nature.11 Resonance
tuning capabilities may be used for multiwavelength VCSEL arrays for wavelength divi-
sion multiplexing.17 This may also be useful for HCG based polariton lattices and periodic
chains18 which require accurate control of detuning between polariton sites.
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